We have investigated, using molecular dynamics techniques, the sputtering yield enhancement of amorphous silicon produced by argon ion accumulation within the target. Several amorphous silicon samples, with different argon contents, were bombarded with 1 keV argon ions at normal incidence. To study the influence of the target structure, we considered samples with different argon arrangements, either uniformly distributed or within solid bubbles. We have observed that silicon sputtering yield increases linearly with dose until steady state conditions are reached. This enhancement is produced by the shallow argon atoms through the weakening of Si-Si bonds. We have also observed that argon release takes place even long after the end of the collisional phase, and it is produced by ion-induced desorption and bubble destabilization. This enhanced argon yield determines the dose where target saturation and steady state conditions are reached. © 1997 American Institute of Physics. ͓S0021-8979͑97͒06203-8͔
I. INTRODUCTION
The sputtering of silicon produced by noble gas ions has been profusely studied both experimentally and theoretically due to its use in technological processes related to the microelectronic industry, such as etching, surface cleaning, profiling ͑secondary ion mass spectrometry͒, etc. Some experiments have been carried out to analyze the dependence of the sputtering yield on the ionic species, 1 on the ion energy, 2 and on the implanted dose, [2] [3] [4] [5] as well as the angular distribution of the sputtered atoms. 6 All these experiments were carried out under high dose conditions, enough to amorphize the silicon samples. It was observed that the sputtering yield increased linearly with dose up to a steady state where it remained nearly constant. 2 It was also shown that steady state conditions were reached when the ion content of the sample saturated 2 and its surface was eroded to a depth close to the projected range of the ions. 4 Some authors have proposed different possible explanations to justify this behavior. For example, Blank and Wittmaack stated that the sputtering yield increase with dose is due to a ''wall effect'' produced by the ions incorporated near the target surface. 2 The accumulation of ions heavier than the target atoms generates a local increase of the target mass that favors the backscattering of subsequent ions and thus the deposition of the ion energy closer to the surface, consequently leads to an increase in the sputtering yield. On the other hand, Kirschner and Etzkorn justified the sputtering enhancement through the weakening of bonds among silicon atoms close to the target surface produced by the presence of the implanted ions. 4 Finally, Wittmaack proposed that this enhancement is due to displacements toward the surface of noble gas atoms previously implanted. 5 These atoms could drag silicon atoms in their way back to the target surface.
The silicon sputtering produced by noble gas ions has also been studied through the use of atomistic simulation techniques. In particular, the molecular dynamics method ͑MD͒ has been employed to get some insight on the silicon sputtering by low-energy argon ions. [7] [8] [9] The MD technique provides the individual trajectories of the atoms in a system by numerically solving the classical equations of motion. 10 These kinds of simulations were made possible after the development of empirical interatomic potentials making them capable of describing the covalent nature of silicon, such as the Stillinger-Weber 11 and Tersoff 12 potentials. Stansfield et al. used the Stillinger-Weber potential to study the dependence of the sputtering yield on the ion energy for several Ar-Si interaction potentials, and the angular and energy distributions of the sputtered atoms for the Si͕100͖ and Si͕100͖͑2ϫ1͒ surfaces. 7 Smith et al. carried out the same kind of simulations using the Tersoff potential. 8 In both studies, yields and distributions were obtained by averaging the results of several hundreds of ion trajectories impinging on different target surface points. In each simulated trajectory, the ion enters a perfect crystal lattice at 0 K. Therefore, the simulation corresponds to a very low dose situation where target amorphization and ion accumulation do not occur. Surprisingly enough, the sputtering yields obtained in both studies for the Si͕100͖ surface were very close to that experimentally measured by Zalm for a very high dose ͑well over the silicon amorphization threshold͒ and steady state conditions ͑target saturated with argon atoms͒. 1 In a previous article, we studied the influence of target amorphization on the sputtering of silicon produced by 1 keV argon ions carrying out MD simulations using an amorphous target. 9 Our results indicated that the sputtering yield for an amorphous sample is lower than for Si͕100͖ and Si͕100͖͑2ϫ1͒ crystal samples. This peculiar result is due to the fact that the surface atoms in the amorphous sample are more strongly bound to the substrate than in the case of crystal samples, since their average coordination is higher. Therefore, the cause responsible for the yield increase with dose must be related not to the target amorphization but to the accumulation of ions within the target. In this article, we a͒ Electronic mail: lmarques@alpha2.ele.cie.uva.es present MD simulations carried out to determine the influence of the implanted argon on the sputtering process. In Sec. II, we describe the interatomic potential set used, the procedures followed to generate the samples, and the conditions of the bombardment simulations. In Sec. III, we present and discuss our results, and in Sec. IV the main conclusions of this work.
II. MOLECULAR DYNAMICS SIMULATIONS

A. Interatomic potential set
We have used the Stillinger-Weber potential 11 to describe the interactions among silicon atoms. This potential provides a good overall description of ion-induced damage in silicon. 13 Since the two-body term of the Stillinger-Weber potential does not represent accurately enough the high energy interactions, we splined it to the universal potential 14 at short distances. We also used the universal potential to describe the interactions between the argon ion and the target silicon atoms, with a cutoff radius of 4.8 Å. To reproduce the Ar-Ar interactions, we have used the Lennard-Jones potential with the typical parametrization for argon ͑ϭ3.405 Å and ⑀ϭ0.01 eV͒, 10 which has been shown to describe fairly well both liquid and solid phases of argon. The cutoff radius used for the Lennard-Jones potential was r c ϭ2. 5 . Both cutoff radii were chosen large enough to not introduce significant drifts in the total energy of the simulated system. To our knowledge, an empirical interatomic potential describing accurately the Ar-Si interaction for low energies has not been developed. However, since there is some experimental evidence that this interaction is purely repulsive in nature, 15 we also used the universal potential to describe the interaction between silicon and the argon atoms that are within the target, even though they only have vibrational energy. As we shall see, with this relatively simple set of interatomic potentials it is possible to reproduce, at least qualitatively, all of the experimental observations.
B. Sample preparation
A full MD simulation accounting for the dynamical accumulation of ions inside the target would be very time consuming, since it would require a very large sample and times between successive ions long enough to achieve thermal stabilization. Therefore, we followed an alternative procedure to study the sputtering process. This consists of preparing several silicon samples with different argon contents. Each of these samples represents a different stage in the sputtering experiments. First, we created a pure amorphous silicon sample at 300 K by melting and subsequently quenching a perfect 8000-atom crystal lattice, whose dimensions were 76.8ϫ76.8ϫ27.2 Å 3 , using periodic boundary conditions. The cooling rate was ϳ6.3ϫ10
13 K s
Ϫ1
, slow enough to get an amorphous structure instead of a supercooled liquid. The details of the amorphous sample preparation are given elsewhere. 9 In an identical volume to the previously mentioned for the amorphous silicon sample, we prepared several argon gases of different densities at 300 K, also using periodic boundary conditions. Each of the argon gases were mixed with the amorphous silicon sample, just by overlapping both samples in the same MD simulation cell ͑see Fig.  1͒ . Using this procedure, some of the argon atoms may lie very close to silicon atoms, thus giving rise to very strong repulsive interactions. These interactions have to be relaxed before starting the bombardment simulations, since they may lead to target destabilization ͑vaporization͒. For this reason, it is necessary to allow the atoms to relax and, at the same time, to drain the kinetic energy released during the process. This can be done through frequent re-scaling of the atom velocities at 0 K ͑every 3 fs for 10 ps͒. Once the samples were well relaxed, some of them ͑B1 and B2 in Table I͒ were melted and afterwards quenched using the same cooling rate as in the case of the pure amorphous sample, down to a temperature of 300 K. During the cooling process, the argon atoms rearranged themselves leading to the formation of bubbles. Once the samples were stabilized, the periodic boundary conditions along the Z direction ͑the direction of incidence of the argon ions in the bombardment simulations͒ were removed and the sample was allowed to relax for another 40 ps. Since the samples had two free surfaces, this relaxation was at constant pressure conditions and thus they could change their volume to accommodate their different argon contents. We also prepared several samples ͑U, B3, and B4 in Table I͒ without heating them above room temperature in order to avoid bubble formation. The sample preparation procedures are sketched in Fig. 1 . In both sample preparation schemes, during the final stabilization process at 300 K, some of the argon atoms located close to the free surfaces of the samples were desorbed, due to the purely repulsive nature of the Ar-Si interaction. As a consequence, no argon atoms remained in the regions within 5 Å from each free surface. This desorption process of the shallow argon atoms has also been experimentally observed. 15 The characteristics of all the samples are shown in Table  I . In sample U, most argon atoms became uniformly distributed. On the other hand, in samples B3 and B4 they rearranged themselves into bubbles, even though both samples were kept at room temperature. This result is in agreement with some experiments where it has been observed that for low doses the incorporated argon atoms become uniformly distributed, and for high doses they form bubbles due to the low solubility of argon in silicon. [15] [16] [17] [18] [19] [20] These bubbles have proven to be very stable, to the point of being present within the target even after postbombardment annealing processes. 16, 17 In our simulations, the bubble formation takes place when the argon concentration is so high ͑above 15%͒ that the argon atoms are closer in average than the cutoff distance of the Ar-Ar potential. Under these conditions, the argon atoms attract each other and form bubbles, even if the temperature ͑and thus the atom mobility͒ is kept low.
As can be seen in Table I , the sizes of the bubbles in samples B3 and B4 are smaller than in the case of sample B2, although the argon concentration is higher, due to the fact that the temperature during the generation of the first two samples was kept low and the argon atoms did not have enough time to form large bubbles. It has been observed experimentally that the argon bubbles are solid and overpressurized by the surrounding silicon. 20 This behavior is also observed in our samples, as it can be deduced by inspection of Fig. 2 , where the pair distribution function g(r) for the argon atoms in sample B4 is shown. The sharp first peak together with the broad feature around 6 Å is indicative of an amorphous structure. It is under compressive stress, since the distance of the first peak ͑3.25 Å͒ is 5% lower than the corresponding to the Ar-Ar potential minimum. The pair distribution functions of the bubbles in samples B1, B2, and B3 are very similar to that of Fig. 2 .
C. Ion bombardment simulations
All of the samples displayed in Table I were bombarded with 1 keV argon ions at normal incidence along the Z direction ͑perpendicular to one of the free surfaces͒. Periodic boundary conditions were applied along the X and Y directions. When considering perfect crystal targets it is possible to define an irreducible symmetry zone reproducing all of the possible bombardment impact points. 21 However, when dealing with amorphous targets this zone can not be defined since there is no periodicity. In that case, to achieve good statistics, it is necessary to use samples with relatively large surfaces and to simulate some thousands of ion trajectories entering through points randomly chosen across the whole surface. Besides, the target must be thick enough to encompass the whole sputtering process for a given ion energy. These conditions are fulfilled with the size of the samples described above, as it was demonstrated in a previous article. 9 The equations of motion for each atom were integrated in time using a fourth order Gear predictor-corrector algorithm. 22 We employed a time-saving scheme which provides an important reduction in the computational time required for the calculation, based on the selective integration of the particles according to their respective energies. 23 Since the sputtering process takes place during the first stages of the collision cascade, it is enough to simulate each ion trajectory for just 500 fs. 8 Once the simulation of one ion is finished, we start the next ion using the same initial undamaged sample. Consequently, we are simulating low dose rate bombardment conditions, with no damage build up. Along the simulation of each ion cascade, the data associated to the sputtered atoms and backscattered ions ͑velocity, time, energy, etc.͒ are recorded. After the simulation of several thousands of ion cascades, those data are used to get statistical averages.
III. RESULTS AND DISCUSSION
The results of our simulations are summarized in Table  II , where the total number of simulated ion trajectories and the sputtering yields for silicon and argon are given. For the sake of completeness, we also include the results obtained in a previous work on the bombardment of a pure amorphous silicon sample. 9 As it can be observed, sputtering yields increase with increasing argon concentration in the target. However, though sample U has an argon content smaller than sample B2, the corresponding silicon and argon yields are 1.1 and 2.3 times higher, respectively. We will try to justify these results afterwards. FIG. 2 . Pair distribution function of the argon bubbles in sample B4, exhibiting the typical features of an amorphous structure. As it can be observed, the first peak is at a distance shorter than the corresponding to the potential minimum, r min , which means that the bubbles are under compressive stress produced by the surrounding silicon atoms.
In order to investigate the cause of the silicon sputtering enhancement, we studied the contributions to the yield from ions producing the sputtering of one to eight atoms, which are displayed in Fig. 3 . In the case of samples with bubbles, the contribution from ion events leading to the ejection of more than one atom increases with increasing argon content. These contributions are 50% for a-Si, 54% for B1, 59% for B2, 70% for B3, and 76% for B4. Surprisingly, argon content does not seem to affect the contributions to the yield of events producing the sputtering of one silicon atom, which are similar for all samples within statistical error. Consequently, the enhancement of the silicon sputtering yield is due to the relative increase of the number of ion trajectories leading to the ejection of more than one atom. These trajectories are, in turn, closely related to the position of shallow argon atoms, as shown in Fig. 4 for the case of sample B4 ͑the results for the rest of the samples are very similar͒.
Therefore, it is clear that the argon atoms which are close to the target surface are the responsible for the yield enhancement. As it was already mentioned in Sec. I, several authors have proposed different mechanisms to justify this enhancement. Blank and Wittmaak suggested that it is produced by a wall effect created by the heavier shallow argon atoms. 2 To validate this hypothesis, we carried out MD simulations assuming the mass of the argon atoms in sample B4 to be equal to the silicon mass while maintaining the same interaction potentials. In this way, it is possible to study the influence of the implanted species mass on the sputtering process. This new sample, that will be referred to as C, was bombarded under the same conditions that the ones previously mentioned: 1 keV argon ions at normal incidence. The results obtained are shown in Table III , along with those corresponding to B4. Even though the mass of the implanted species has been reduced by 30%, the total yield has decreased only by 6%. Besides, there is no appreciable change in the percentages of trajectories that produce the ejection of one, two, or more than two atoms. This result shows that the sputtering preferentiability must be related to the binding energies of the different elements, and not to their respective masses.
On the other hand, Wittmaak proposed that yield enhancement is produced because argon atoms sputtered from the sample drag silicon atoms on their way to the surface. 5 The results of our simulations do not favor this explanation. The time-of-escape distributions for sputtered atoms in sample B4 are represented in Fig. 5 ͑the distributions for the rest of the samples are very similar͒. Clearly, there is no correlation between the time of escape of silicon atoms and those corresponding to argon atoms. While silicon ejection ends around tϭ300 fs ͑as in the pure amorphous silicon sample bombardment͒, the escape of argon atoms continues beyond 500 fs. The ejection of argon atoms takes place mainly when an incoming ion impinges on a surface point TABLE II. Total number of simulated ion trajectories and sputtering yields obtained for each of the samples described in Table I . Results from the bombardment of a pure amorphous silicon ͑a-Si͒ are also included. close to a shallow bubble. Usually, the impact produces the sputtering of some of the surface silicon atoms that cover the bubble, leading to the emission of some argon atoms, even after the end of the collisional phase of the cascade. In fact, for Ar atoms ejected after 300 fs, it seems more appropriate to think of bubble evaporation rather than of a true sputtering ͑collisional͒ process. The argon ejection is also favored by the pressure existing within the bubbles. In our simulations, all those argon atoms that escaped for times above 300 fs were ejected with kinetic energies lower than 5 eV, which is not enough to produce the sputtering of silicon atoms. However, there is probably sputtering of silicon atoms by this process when the pressure inside the bubbles ͑and, consequently, the kinetic energy of the released argon atoms͒ is higher, as it has been observed in some experiments. 20 Considering our results, the more likely explanation to justify the sputtering yield enhancement is the one given by Kirschner and Etzkorn: the implanted argon atoms weaken the Si-Si bonds. 4 This can be also inferred from inspection of Fig. 6 , where the energy distributions of the sputtered silicon and argon atoms are represented. As before, we include results from a pure amorphous silicon sample. 9 It has been pointed out by several authors that the position of the maximum in these distributions is directly related to the surface binding energy of the corresponding element in the target. [24] [25] [26] As it can be seen from Fig. 6͑a͒ , the maximum of the distribution for the pure amorphous silicon sample is located at an energy ͑6 eV͒ higher than for the other samples. This agrees with the fact that argon atoms weaken the Si-Si bonds. The lowest peak energy corresponds to sample B4 ͑4 eV͒ where there are a relatively high number of argon bubbles very close to the target surface. In the case of the energy distributions of the sputtered argon, the maxima are for lower energies, between 2 and 3 eV, in correspondence with Ar-Ar bonds being weaker than Si-Si bonds. For samples U and B1, where argon atoms are uniformly distributed and the bubbles are relatively small, respectively, the maxima are for an energy of 2 eV, while in the case of samples B2, B3, and B4 the maxima are for a higher energy, 3 eV. This result could have been anticipated, since the only source for an attractive interaction in the case of argon atoms is in the Ar-Ar interatomic potential. Besides, we have observed that the maxima in Fig. 6͑b͒ are related to argon atoms released after the collisional phase of the cascade. This behavior is in agreement with some experiments 18, 27 which show that the energy distributions of the argon atoms ejected during the bombardment of argon-preimplanted silicon samples exhibits two maxima: one at low energies associated to isolated atoms and another at higher energies, related to atoms in bubbles.
There are two main reasons behind this Si-Si bond weakening: first, the potential well is less deep for those silicon atoms that are close to argon atoms since the Ar-Si interaction is purely repulsive, and second, argon atoms exert some stress on them. This last effect can be observed in Fig.  7 , where we represent the forces that argon atoms exert on the nearby silicon in a slice taken from sample B4. The plot Table I . Results from the bombardment of a pure amorphous silicon sample are also included. The histogram bin size is 1 eV.
FIG. 7.
Vector plot of the forces exerted by the argon atoms on the nearby silicon for a slice taken from sample B4 ͑8 Å thick and 5 Å below the surface͒. This is a front view where circles represent argon atoms and vectors silicon atoms, their magnitude being proportional to the force. As can be seen, the forces exerted by the isolated argon atom ͑close to the center͒ are stronger than in the case of the argon bubbles. Regarding to the argon bubbles, the forces are weaker for large bubbles, showing that their stability is higher.
is a front view where circles represent argon atoms and vectors silicon atoms, their magnitude being proportional to the force. In Fig. 7 , two argon bubbles and an isolated argon atom can be clearly seen. The silicon atoms are literally being pushed away by the nearby argon. It is noteworthy that the strongest forces are related to the isolated argon, while they are much weaker in the case of the bubbles. Moreover, the bigger the bubbles, the weaker the forces. Consequently, and in agreement with the experiments, it seems that the formation of relatively large argon bubbles is energetically favorable with respect to small clusters or isolated atoms for high argon concentrations.
The weakening of Si-Si bonds by the implanted argon also justifies all of the results shown in Table II . In samples with bubbles, the higher the argon concentration, the higher the silicon sputtering yield. As mentioned at the beginning of Sec. 3, the silicon yield in sample U is higher than the corresponding to sample B2, even though its argon content is lower. This is due to the uniform distribution of the argon atoms: as can be deduced from inspection of Fig. 7 , when the implanted argon is uniformly distributed throughout the target the number of weakened Si-Si bonds is higher on average than when they are in bubbles. The uniform distribution of implanted argon also favors the high-yield events, as shown in Fig. 3 . At the same time, when argon atoms are far from each other, their binding energies are very low, and they can escape more easily. The contrary happens when argon atoms form bubbles since they are more strongly bound.
These simulations also help understand some of the experimental observations on the evolution of the sputtering yield during argon ion bombardment. In Fig. 8 , we show the relative sputtering yields for argon and silicon along with the argon backscattering yield obtained in our simulations. We present the data relative to the samples with bubbles ͑B1 to B4͒ only since this type of argon arrangement is the one readily observed in room temperature experiments, even at ion energies as low as 1 keV. 16 Taking into account the mean range of the argon ions obtained in our simulations ͑Ӎ19 Å͒, it is possible to estimate the implanted doses that would correspond to each of our samples. As experimentally observed, the silicon sputtering yield increases linearly with dose. 2 It is noteworthy that the extrapolation to very low doses coincides quite well with the sputtering yield obtained in the bombardment of the pure amorphous silicon sample. Argon sputtering and backscattering yields also increase with dose. In all cases, the backscattering yield is very low, as observed experimentally for 1 keV argon ions with normal incidence, 19 which means that the density increase of the target does not significantly affect the percentage of backscattered argon. For every sample, and taking into account the yields obtained in our simulations, the argon incorporated during the bombardment outweighs the argon sputtering, and thus the argon content within the target increases. Since the argon sputtering yield also increases with dose, a steady state will be achieved when:
where c represents the ratio between the number of argon and silicon atoms in the near surface region of the target. Equation ͑1͒ means that steady state conditions are reached when the ion bombardment, producing the yields Y Si and Y Ar , does not change the relative concentrations of the two elements near the target surface. Under those conditions, as it has also been observed experimentally, the argon content within the target saturates. 2, 19 However, taking into account our results and assuming a linear behavior with dose for the Ar yield, Eq. ͑1͒ is not satisfied for any given dose, mainly due to the fact that we are not considering the argon atoms released after the collisional phase of the bombardment. Indeed, as shown in Fig. 5 , argon escapes for times even longer than our total simulation time, 500 fs. This argon, coming from the subsurface bubbles, escapes due to the destabilization of the surface silicon layer and to ion-bombardment enhanced desorption. An MD simulation accounting for those effects is beyond the scope of this work, since it would be necessary to use very large samples and to follow the particle trajectories for very long times.
It has been experimentally observed that steady state conditions for 1 keV argon bombardment of silicon are reached at a dose of about 6ϫ10 15 cm Ϫ2 , 15,28 which corresponds to a sample with approximately 30% argon content. From Eq. ͑1͒, to reach steady state conditions it would be necessary an argon yield of Ӎ1.3 for that dose, which is 3.5 times higher than the value obtained from simulations up to 500 fs ͑dashed line in Fig. 8͒ . However, since argon released after the collisional phase escapes with very low energies, insufficient to produce the sputtering of silicon atoms, the extension of the simulation to times longer than 500 fs would not make any difference on the measured silicon sputtering yields. This conclusion can also be inferred from Fig. 5 , which shows that silicon sputtering is completed before 500 fs. In fact, for that steady state condition dose, the silicon yield predicted from our results is very close to the value 
IV. SUMMARY
We have carried out MD simulations on the bombardment of amorphous silicon by 1 keV argon ions in order to investigate the influence of ion accumulation on the sputtering yield. We have followed a simplified simulation scheme corresponding to different stages of the accumulation of ions in the target. The results of the simulations exhibit, and help understand, several phenomena that have been experimentally observed: desorption of shallow argon atoms, formation of solid argon bubbles, linear increase of the silicon sputtering yield with dose, enhancement of the argon sputtering yield with respect to the values expected from a pure collisional process, etc. We have observed that the increase in the silicon yield is due to the presence of shallow argon atoms that weaken Si-Si bonds, and lead to high-yield ion trajectories. On the other hand, the enhancement of the argon sputtering yield is a consequence of: ͑a͒ the low binding energies associated to implanted argon atoms ͑gas sputtering͒, 29 and ͑b͒ the destabilization of bubbles located very close to the surface. These two effects lead to the ejection of argon atoms even long after the end of the collision cascade. Effect ͑a͒ is important for low doses, where argon atoms are isolated or within relatively small bubbles, while effect ͑b͒ is relevant under high-dose conditions, where formation of very stable bubbles is expected. 19, 28 These competing effects could lead to two different saturation regimes, as it has been observed in experiments. 28 This argon release enhancement does not seem to directly affect the silicon sputtering process, since argon atoms escape with very low energies, but it determines the dose for target saturation and thus the silicon sputtering yield value in steady state conditions. Finally, the silicon yield predicted by extrapolating our results to the saturation dose for 1 keV Ar ions is in close agreement with the experimental value.
